Introduction
The properties of the Earth's inner core remain poorly known because of the inaccessibility of the region to both seismological and laboratory studies. Recent seismological work, summarized by Masters and , have improved our knowledge of the elasticity and other physical properties of the region. Shock wave studies have demonstrated that the density and elastic properties of iron are generally consistent with those of the core. Measurement of Hugoniot sound velocities (Brown and McQueen, 1986 ) has played an important role in this process. More generally, little is known about the variation of sound velocities under conditions appropriate to the Earth's deep interior. This is particularly unfortunate since the seismic velocity structure of the Earth is well known. Analysis of Hugoniot sound velocities therefore promises to yield clues to the elastic behavior of materials at high pressure and temperature.
The inner core, with a radius of about 1220 km, is believed to be a solid alloy composed dominantly of iron. The solidity of the inner core is inferred indirectly from free oscillation data which constrain the average shear velocity of the region to be 3.45 + 0.1 km/s (Shearer and Masters, 1990) . The rigidity of the inner core is much less than would be expected from low pressure data on iron and iron alloys. The average Poisson's ratio, or, in the inner core from seismological observations is 0.44 (Dziewonski and Anderson, 1981 ). This value is anomalously high compared with most materials under normal conditions. cr increases as a function of both pressure and temperature but trends based on low-pressure ultrasonic data cannot explain the observed values. One possible explanation for this is that the inner core is partially molten, resulting in reduced rigidity (Loper and Fearn, 1983 ). Falzone and Stacey (1980) used second order elasticity theory to suggest that large values of cr are a natural consequence of the application of high pressure. This theory has not been tested using any high pressure elasticity data, however. A potentially serious limitation of the approach is that the calculated Voigt and Reuss bounds on the shear modulus diverge very rapidly at high pressure. Consequently, it is questionable whether the Voigt-Reuss-Hill average remains meaningful at large compressions for this theory.
Hugoniot sound velocities in iron have demonstrated the existence of two solid high-pressure phases in iron (Brown and McQueen, 1986 ). The •-phase (hcp) is stable between 13 and 200 GPa along the Hugoniot. The second high pressure phase is stable between 200 and 243 GPa and it may be either the 7-(fcc) or a'-(bcc) phase (Anderson, 1986; Brown and McQueen, 1986; Ross et al., 1990) . Iron under inner core conditions is believed to be in the a-phase on the basis of extrapolations of compressional velocity and Poisson' s ratio (Brown and McQueen, 1986 ) as well as phase equilibria considerations (Anderson, 1986) . The possibility that iron in the inner core is in the or' structure has also received consider-ation (Ross et al., 1990) .
In this study, the high-pressure elastic properties of metals will be investigated. The purpose will be to determine how accurately such properties can be constrained using available techniques. In addition, better understanding of the high pressure behavior of metals can be achieved by comparing metals with a wide range of properties. This information can then be applied to understanding the Earth's inner core.
Elastic properties at high pressure can be obtained from sound velocities measured under shock conditions. Shock wave techniques involve the dynamic generation of high pressures and temperatures in materials via high velocity plate impact (Ahrens, 1987 The applicability o fBirch' s law under Hugoniot conditions suggests that it could be a useful method to extend measured data to higher and lower pressure Hugoniot states. For example, comparison of Fe and Fe-Cr-Ni compressional velocities (Fig. 1) indicates that the iron alloy has faster velocities than pure iron. Extrapolation of these results to inner core conditions using Birch's law suggest that compressional velocities in the inner core can be satisfied by the incorporation of $-I 0% transition metal impurity (Duffy and Ahrens, 1990).
The above discussion raises a significant issue. With the exception of shock data, most laboratory measurements of sound velocity are limited to pressures of only a few GPa at present. The velocities are often extrapolated to high pressure using an equation of state such as the third-order Eulerian finite strain equations (Birch, 1938; Sammis et al., 1970) for comparison with seismic data. While there is a large amount of data supporting the use of this equation for compression data (e.g. Jeanloz, 1989b), its use for sound velocities, particularly the shear velocity, has weaker empirical support (Birch, 1978) . One application of Hugoniot sound velocities then is to compare them with extrapolations of low pressure data, bearing in mind that differences in thermal states may be quite large. Figure 2 shows Hugoniot sound velocities for several metals compared with third-order finite-strain extrapolations based on low-pressure ultrasonic data. The most striking feature of the figure is that the difference between the extrapolated and measured data is small (less than 10%), despite the fact that the Hugoniot states may be hotter by many thousands of K. The Hugoniot data lie systematically below predicted isentropic curves, which is consistent with the interpretation that the differences between the two curves are related to thermal effects. Based on zero pressure temperature coefficients of velocity, one would predict that Hugoniot velocities should be up to a third less than finite strain predictions at high pressure. This result is illustrated for aluminum in 
U S -c O + SUp (3)
where Us is the shock wave velocity, Up is the particle velocity behind the shock front, and c0 and s are material constants. Pressure-volume-energy states achieved upon shock compression are obtained from expressions for conservation of mass, momentum, and energy across the shock front known collectively as the Rankine-Hugoniot equations. The bulk modulus at high pressure can be determined from the EOS using the Mie-Gruneisen equation. The Gruneisen parameter can be defined as:
V(c?P) : aVKs (4)
where Vis volume, P is pressure, E is specific energy, a is the coefficient of thermal expansion, K s is the adiabatic bulk modulus, and C ity and the EOS yields the Gruneisen parameter. It is often assumed that 7 depends only on volume: r=ro (7)
In many cases, the parameter q = dlny/dln V is assumed to be 1.
In order to test assumptions about the parameter q, bulk sound velocity data were used to constrain 7 at high pressure. An example of these results are shown in Fig. 3 The results of Table 1 in conjunction with Eqs. (6) and (7) constrain VB on the Hugoniot. In cases where liquid data was used to obtain q, there is the additional assumption that the bulk sound velocity (and the Gruneisen parameter) varies smoothly across the melting boundary. By combining these values with measured compressional velocities, the shear velocity can be determined from: Constraints on the volume dependence of the Gruneisen parameter can be obtained from the combination of Hugoniot EOS and sound speed data. Results for metals, both solids and liquids, are uniformly consistent with the result q = r?ln¾/ r?ln V = 1 (that is, 7/V = constant). In the best cases, bulk sound velocity data constrain q to about +20%. However, a major unresolved problem is how 7 varies across solid-solid and solid-liquid phase boundaries. For iron, constraints on q are particularly weak because of uncertainty regarding the appropriate zero-pressure Gruneisen parameter. The highpressure data alone are insufficient to distinguish between q = 0 and q = 1. Nevertheless, the data set considered as a whole supports the use of 7/V = constant for metals. This is consistent with the results obtained from shock compression of porous materials (McQueen et al., 1970) .
Hugoniot sound velocities provide constraints on shear properties. In the best circumstances (e.g. aluminum) where precise measurements of V? and Vs in the solid state are available, the shear velocity is constrained to ~4%. More generally, where EOS data are used to determine Vs, the uncertainty in Vs exceeds 10%. Detailed comparisons with seismological data are probably not warranted for such data. Poisson's ratio can be constrained to within 5-10% by existing data.
The metals studied here can be divided into two classes on the basis ofhigh-pressure shearproperties. At Vo/Vabove 1.43, the 3d-and 4d-series transition metals are characterized by r?Vs/cgP < 0, with slopes ranging from-0.01 to-0.001 km/s/ GPa. This results in values ofPoisson's ratio greater than 0.4 at high pressure. Neither the light nor the heavy metals (A1, Ta, W) exhibit such behavior. The shear properties of the inner core appear to be characteristic of the type of behavior exhibited by the 3d and 4d metals under high compression. Therefore, the seismic shear properties of the inner core may not require the presence of partial melt and may be related to r?Vs/r?P < 0 at high pressure and temperature.
